Introduction
Hydrogen (H) embrittlement of metals is a major concern because it is involved in most practical cases of aqueous stress corrosion cracking and fatigue. Despite considerable experimental efforts, the microscopic mechanisms are still debated with three competing mechanisms: decohesion [1] , hydrogen enhanced localized plasticity [2] and local hydrides stabilized by stress [3, 4] . Although decohesion is observed experimentally, at least for intergranular propagation (in Ni [5] , in Al [6] , for example), its quantitative modeling is not completed, as discussed in the review by Birnbaum et al. [7] , because of two main weaknesses: the configurations for the calculation of the work of separation are usually limited to simple crystallographic planes, which is over-simplistic, and where the driving force for H localization is limited to the effect of the hydrostatic stress. This is not enough, by several orders of magnitude, to reach high local concentrations. This gave room for an additional mechanism where H-stabilized vacancies can slowly diffuse, cluster and form crack nuclei that coalesce with the main crack (see [8] and references therein) [9, 10] . This mechanism is supported by the observation by Fukai that multiple H occupancy of the vacancy can result in extremely high concentrations of vacancies [11] . It has been specifically observed in Ni [12] , although at high temperature and high H pressure, but also in electrodeposited Ni [13] . At room temperature, it has been proposed that out of equilibrium vacancies, stabilized by H, could be produced by localized plasticity [10] .
A critical evaluation of this mechanism requires a systematic quantification of the H-vacancy cluster' properties (VH n ): stability as a function of H concentration and T, mobility, clustering and segregation to other crystalline defects. The subject of the present paper is the first step where a detailed calculation of the energetics is made (segregation energies of the isolated H and formation energy of the clusters containing several H). In line with what was recently done for other metals [14] [15] [16] , we apply Density Functional Theory (DFT) to H in Ni and carefully compare our results with what was previously predicted by the semi-quantitative Effective Medium Theory (EMT) [17] [18] [19] [20] and implantationannealing experiments [21, 22] . Three characteristic segregation energies were found. An incoherency has been recently pointed out between the interpretation based on EMT and Thermal Desorption Spectra (TDS) (see [11] p. 222). In EMT, the segregation of an isolated H atom is high and goes down when several H occupy the vacancy because of HAH repulsive interactions. On the contrary, TDS shows that the low segregation energy (in absolute value) is observed in the dilute limit. We will show that our calculations reconcile experiments with theory and give a clear microscopic picture of trapping by single and multiple vacancies. They also constitute a reliable database upon which statistical models for VH n stability and mobility can be built.
The paper is organized as follows. In the first section, the method is exposed. Then, preliminary calculations are performed with two goals: prepare configurations for H segregation (single/ divacancy), and study H in solution in the perfect bulk, since it is the reference state for segregation and several interstitial sites are in competition. The objective is also to reproduce some key quantities that appeared in the literature to firmly establish the coherency between our DFT calculations and those done in the past. As a side, we study the self interstitial because it is useful to interpret the implantation experiments. In the fourth section, comprehensive calculations of m H atoms (m <¼ 13) in a vacancy are presented where we specifically investigate the HAH interactions inside the vacancy and the possibility to form H 2 molecules. The goal is to establish the maximum trapping capacity of the vacancy and to extract the typical segregation energy range that can be compared to experiments. In the last section, we extend the same approach to divacancies. Finally, the results are summarized and a simple picture of trapping, coherent with experiments, is established.
Methods
Calculations were performed using the Vienna ab initio simulation package (VASP) [23] [24] [25] . The Kohn-Sham equations were solved by using the projector augmented wave (PAW) method [26] to describe the electron-ion interactions and using the Perdew-Wang (PW 91) approximation [27] for the exchange and correlation functionals. The magnetic moments taken into account in all calculations were necessary to avoid errors even at high temperature (see discussion page 5 in Ref. [28] on the differences between para-and ferromagnetic calculations).
The plane-wave cut-off energy was set to 400 eV and 8 Â 8 Â 8 Monkhorst-Pack mesh grids [29] were used to sample the Brillouin zone for the large supercells (3 Â 3 Â 3, i.e., 108 Ni atoms), which produced energy of segregation values converged to within 10 meV. These criteria have been validated in previous works [30, 28] . Within these criteria, the ground states properties of fcc nickel (the lattice parameter, the cohesive energy and the magnetism are equal to 3.52 Å, 4.89 eV/atom and 0.62 l B , respectively) agree with the previous DFT calculations [31] and the experimental values [32] .
Lattice relaxations were introduced by means of a conjugategradient algorithm. The ions and the lattice parameters were allowed to relax. We ensure that the atomic forces were smaller than 0.01 eV/Å on the H and Ni atoms. It will be shown that, in most cases, the final configurations are symmetric even if the symmetry of the initial configurations is perturbed by random displacements of the H atoms prior to minimization.
Preliminary calculations
In this section, we briefly present the main properties of the defects that will be used later to trap H atom (vacancies and selfinterstitials). H in solution, in the perfect bulk, is also reviewed.
Single and divacancies
First, single and divacancies are studied. The formation enthalpy of an n-vacancy (H f nv , where n = 1 or 2) is calculated. As the supercell is relaxed (the pressure on the supercell is equal to zero), the formation enthalpy is equal to the formation energy (E f nv ) in our approach. The E f nv values were calculated as follows:
where E o ½ðN À nÞ Á Ni; X n and E o ½N Á Ni; X o correspond to the internal energy of the relaxed supercell of a system with n-vacancies and that of the relaxed supercell of a system without any vacancies (i.e., N nickel atoms). The formation volume (X f nv ) of the defect is given by where V at ½Ni is the atomic volume of nickel in the fcc-structure (V½N Á Ni=N). Table 1 compares the results with those presented in the theoretical literature [33] . DFT-GGA simulations without surface effects [34] underestimate the formation energies (approximately 1.7 eV [35, 36] ). In the case of the formation volume, our results are in agreement with those reported in the literature. For the divacancy, two configurations are considered: the first and the second nearest neighbor configurations (labeled 1NN and 2NN, respectively). The 1NN configuration, which is the most compact cluster, is the most stable divacancy.
We analyze the elastic field induced by the vacancy. To calculate the Kanzaki forces from the displacements at the point-defect core, we used the procedure proposed by Simonelli et al. [39] . Fig. 1 shows this force field. The forces around the vacancy decrease and become negligible beyond 5 Å. This result implies that at least the three first shells of octahedral sites feel the vacancy, as will be confirmed by the calculation of the H segregation energies in the next section. It is also noted that the force field is oriented away from the vacancy, which means that the interstitial sites are in traction (the forces are generated by the insertion of a particle in the vacancy). The stress induced by the single vacancy should attract the small interstitials. The effect of this radius of capture on the H diffusion will be considered in a forthcoming paper.
Self-interstitials
As mentioned by Norskov et al. [20] , self-interstitials are supposed to play a non-negligible role in the trapping of hydrogen in metals. In fcc systems, self-interstitials adopt a so-called dumbbell structure. The main axis of the dumbbell is along the (1 0 0) direction, as explained by Schilling [40] . We find a high formation energy of the dumbbells, approximately +3.96 eV, significantly higher than the formation energies of divacancies.
Hydrogen in solution
To compute the solubility of H atoms in nickel, a set of different equations for the insertion and the solubility energies (denoted E i and E s , respectively) are used, according to the site studied:
for the tetrahedral (T) and the octahedral (O) sites and Table 2 shows the results for one H atom in nickel. As mentioned by Wimmer et al. [41] , and in agreement with experimental observations [11] , the H atoms are located preferentially in the octahedral sites. We obtain solution enthalpy values (including the zero-point-energy) of 100 and 411 meV for the O and T sites, respectively.
The difference in energy between an H atom in substitution (i.e., positioned exactly at the center of a vacancy, the ''S site'') and in an octahedral site (O site) confirms that the H atoms prefer to be located at the later position. Furthermore, the O site is approximately 0.22 eV lower in energy than the tetrahedral site (T site). In comparison, in aluminum, an other fcc structure, we obtain [42] that +0.74 and +0.91 eV are required to insert an H atom in a tetrahedral and an octahedral site, respectively (without taking into account the zero-point-energy). These values agree well with the work by Wolverton et al. [43] .
Then, the H frequencies and therefore the zero-point-energy (ZPE) (using P i hx i =2 at 0 K) are computed. To a first-order approximation, only the H frequencies are calculated, neglecting the vibrations of the network. They are computed using a frozen mode approach, where the relative displacements are equal to 0.01 on 3 Â 3 Â 3 supercells. We obtain one frequency, three times degenerated, equal to 791 cm À1 (i.e., approximately 100 meV) for the O site, and one frequency, three times degenerated, equal to 1285 cm À1 (approximately 159 meV) for the T site. The ZPE correction is therefore low: approximately 150 and 238 meV for the O and the T sites, respectively. Finally, when we take into account the ZPE of the H 2 molecule (538 meV = 4351 cm À1 , i.e., a ZPE equal to 134 meV) the correction of the formation energy is low (approximately 12 and 100 meV for O and T sites, respectively).
In the case where H is located at the center of a vacancy, we obtain three imaginary frequencies, which indicates that the configuration is not stable. The H atom prefers to move either towards the octahedral site or the tetrahedral site in the vacancy as detailed below.
Interactions between hydrogen and self-interstitials
As mentioned by Norskov et al. [20] , self-interstitials are supposed to play a non-negligible role in the trapping of hydrogen in nickel. The formation energy of the self-interstitial-hydrogen cluster is given by:
and the segregation energy of which corresponds to
Two nearest neighboring configurations are possible for H in an octahedral site. In the first configuration, the O site is perpendicular to the axis of the dumbbell, and in the second the H atom occupies the O site aligned with the dumbbell. The calculations yield values of 4.03 eV (0.07 eV) and 3.94 eV (À0.02 eV) for the formation (segregation) energy for these two configurations, respectively. The second case seems slightly more favorable than the octahedral site in the bulk, but the binding is very weak and does not fit the picture provided by EMT [17] . Similar work has been performed for the tetrahedral configurations, which suggests a formation energy of 4.01 eV (+0.06 eV), indicating that these configurations are not favorable.
As a conclusion, self-interstitials do not trap hydrogen, contrary to the results presented in previous studies [20] .
Interactions between hydrogen and a single vacancy
In this section, we detail the interactions between hydrogen atoms and a single vacancy. The vacancy can be viewed as a dodecahedron: it is bounded by 6 squares and 8 triangles. The tetrahedral sites (which are in the first nearest position of the vacancy, labeled ''T 1 '') in the vacancy are located near the triangles, whereas the octahedral sites (in the first nearest position of the vacancy, labeled ''O 1 '') are in the cube bounded by the squares.
V 1 H 1 energetics
The interactions between one hydrogen and one vacancy (the simplest cluster) are investigated. The different configurations are shown in Fig. 2 (T 1 , O 2 and around the vacancy). This examination allows for the analysis of H-vacancy interaction based on the H-vacancy distance. Two supercells are used: 3 Â 3 Â 3 and 5 Â 3 Â 3 supercells to reduce the effects of periodic boundaries.
We used the following set of equations for computing different quantities: the formation energy (E f ), defined as in Eq. (4) by:
the mean segregation energy (hEi): 
When m ¼ 1, we have E seg ¼ hEi, and when m > 1, the segregation energy depends of the (nÀ1)th configuration, obtained by removing one H from the V 1 H m cluster (several configurations are possible). Table 3 . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Table 3 shows these energies according to the hydrogen-vacancy distance, for one H. The H atom inside the vacancy is not located at its center, as suggested by the preliminary results presented above. The vacancy is restored (builds an HAV ''cluster''), which significantly decreases the energy of the system by approximately 0.8 eV. Trapping an H atom is therefore energetically more favorable than having two isolated defects. The preferred site is, as in the bulk, the octahedral site ''in'' the vacancy (O 1 position, with a formation energy equal to approximately to 1.2 eV). However, the difference in energy between the tetrahedral site (T 1 configuration) and the O 1 position is small, approximately 15 meV, much lower than the energy in the bulk (DðO À TÞ = 220 meV).
It is useful to compare this situation with an other similar (fcc) system: aluminum. Our results are completely different from the results obtained for aluminum. Using the same approach [42] , we obtained energies of À0.32 and +0.36 eV for the T 1 and the O 1 site of fcc-Al. In comparison, an H atom located at the center of the vacancy costs +0.46 eV. In fcc Al, the lowest-energy position for the H atom in the presence of a vacancy is at an off-center position close to a tetrahedral site adjacent to the vacancy site. (These results agree with those obtained by Wolverton [43] , who found a value of À0.33 eV.) In the case of nickel, there are more trap sites available than in Al: the tetrahedral could also be occupied by one H atom in addition to the octahedral site at low temperature and low H concentration. However, as we will see, when all O 1 sites are occupied (high H concentration), occupying a T 1 site is no longer favorable.
The optimized positions of the H atom in T 1 and O 1 are not exactly located in the ideal octahedral and the tetrahedral position; there is a slight offset from the O 1 toward the vacant site. The ideal positions are at 1.52 ( ffiffiffi 3 p =4a o ) and 1.76 Å (a o =2) for the tetrahedral and octahedral sites of the vacancy, respectively. We obtain H-vacancy distances of 1.14 and 1.55 Å, respectively. The ''restored vacancy'' attracts the H atom, i.e., the H atom moves 0.38 and 0.21 Å.
One can also note that the H-vacancy interactions rapidly decrease as the distance between the H and the vacancy increases (see Fig. 3 ). When the H-vacancy distance is greater than 5 Å, the interaction is close to zero. This configuration corresponds to the range of the interactions observed for the vacancy above (using the Kanzaki forces). We also note that the segregation energy of the next nearest configuration (the octahedral site, labeled O 2 ) is slightly negative (À0.05 eV). This segregation energy, in addition to O 1 AO 2 attractive interactions, acts like a seed for hydride precipitation at high hydrogen concentration.
Finally, the vibrational correction of the T 1 and O 1 configurations are computed using the same approach used for the bulk. We obtain, respectively, three non-equivalent frequencies: 109, 106 and 132 meV (i.e., 878, 857 and 1067 cm À1 ) and 105, 104 and 63 meV (i.e., 848, 845 and 509 cm À1 ). These values should be compared to the frequencies in the interstitial sites: 1285 and 790 cm À1 (see above Table 4 to identify the configurations. The smallest ball are the H atoms, the vacancy is depicted in green.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) stronger than that yielded by DFT, in the dilute limit and an increase of up to À0.2 eV due to HAH repulsion inside the vacancy. In the following section, we investigate HAH interactions.
V 1 H m (m 6 6 octa, m 6 8 tetra) energetics
We now increase the number of H atoms in the vacancy. Because the segregation energies in the octahedral and the tetrahedral positions are similar, both sites are considered. For each H content m, we consider only the non-equivalent configurations. Each of these configurations is degenerated. It is possible to place the m H atoms in p equivalent sites: m! ðpÀmÞ!p! possibilities where p = 6 for O 1 and = 8 for T 1 . We identify the non-equivalent configurations. Fig. 4 shows H positions in octahedral and tetrahedral positions in the vacancy. Numbers correspond to the H positions used to describe the different configurations listed in Table 4 .
Alternative cases are also considered (not reported here), where an H atom is placed at the vacancy center in addition to m preexisting H at the O 1 positions. In these cases, after relaxation, the H atom in the vacancy moves toward either an O 1 or a T 1 site, which confirms that the substitutional site is never stable, regardless of the H content.
We summarize our results in Table 4 . In addition to the energetic values, we list the magnetic moment (l B ) according to the number of H atoms in the cluster. Different criteria are used in the literature to predict how many H atoms can be trapped in a vacancy [44, 45] . The formation energy can be used in a thermodynamical formalism to compute the VH n content [46] . The segregation energy itself is a bit more configuration dependent than the average segregation energy, but the essential message is that O 1 AO 1 interactions are weak, contrary to the EMT predictions.
Our main result is that a single vacancy can trap up to six H atoms in the octahedral position. The average segregation energy is nearly constant, independent of the number of H atoms in the vacancy. From a configurational point of view, it is obtained that the final configurations are nearly symmetric. As the number of hydrogen increases, the H atoms are pushed toward the square Ni face, i.e., the ideal octahedral positions. This effect suggests that the H atoms repel one another. The mean distances between nearest H atoms are approximately 2.40-2.55 Å, much greater than in the diatomic H 2 configuration.
For aluminum, Ismer et al. [45] and Lu and Kaxiras [44] proposed alternative configurations, in which the H atoms do not repel. The authors observed that one could place two H 2 units in each h1 0 0i direction surrounding the vacancy with a bond length of 1 Å for all six units. For these configurations, the equilibrium inter-atomic distance between the H atoms at the vacancy is slightly longer than the HAH bond length (0.74 Å) of the molecule in vacuum, which is due to the partial occupation of anti-bonding states between the H atoms. The inter-molecule distance in each direction is 3 Å, and the NN distance between H and Al in each direction is 2 Å (the lattice constant of Al is 3.99 Å). We test these configurations to determine if it is possible to restore diatomic molecules in a monovacancy in nickel. In the case of Al, the H 2 molecule is observed to be stable (we reproduced these results); but in nickel, it is not the case. This phenomenon can be correlated to the charge on the H atoms in solution in nickel. From the analysis of Bader's charges [47] , the H atoms in the interstitial position and in interaction with a vacancy attract a small part of the electron of the surrounding Ni, which implies a small negative charge on the H atoms: approximately 1.2, 1.3, 1.5 and 1.3 electron around the H atoms in the T, T 1 , O and O 1 positions. In parallel, the magnetism decreases slightly as the number of H atoms increases (l B in Table 4 ). The H atoms repel one another and it is not possible to have a stable H 2 molecule in a monovacancy, contrary to the case of aluminum. This result can also explain why the clusters formed Table 4 Degeneracy, formation, mean segregation and segregation and formation energies (in units of eV) and magnetic moment (l B , in Bohr's magneton, and l Ã B in Bohr's magneton per Ni atoms) of the V 1 H m clusters. For the segregation energy, the number of the H atom removed is given in brackets. by occupied O 1 sites are more stable than those formed by occupied T 1 sites. The distance between sites is smaller in between T 1 sites than in between O 1 sites: 1.6-1.7 Å and 2.5-3.6 Å, respectively. For low concentrations, we can suppose that both sites can be filled alternatively, but when the electrostatic effects become considerable the H atoms are only located at O 1 sites.
V 1 H m (m > 6 octa) energetics
We increase further the number of segregated H atoms. All of the octahedral sites in the vacancy are filled first, and H atoms are then progressively added, either at T 1 positions or at O 2 positions. To simplify, we only consider one configuration for each m, where m is greater than 7. We suppose that the interactions between the H atoms in O 2 or T 1 are negligible (the distance between two H atoms in O 2 positions are large). The energies are presented in Table 5 . Fig. 5 shows the final results regarding the segregation energies according to the number of H atoms.
We note that the segregation energy is always negative and increases slowly. The segregation energy of the tetrahedral sites is always found strongly positive, indicating that the vacancy is saturated when octahedral sites are completely filled. In contrast, at the O 2 sites, the segregation energy of H atoms is always negative, approximately À0.10 eV, showing that this site could be considered as a trap at low temperature and high concentration.
These results show that the vacancy can be considered as a trap composed of 6 O 1 sites, and eight additional sites (O 2 ) around the defect. These observations can be correlated to the results of the Section 3.1 on the Kanzaki forces, where the O 2 sites appear to be in tension.
Introduction to V 2 H m clusters
To conclude, we explore the capacity of larger vacancy clusters to trap hydrogen. To this end, we consider: 1NN and 2NN divacancies.
V 2 H 1
We proceed in the same manner as in the previous section. Tetrahedral and octahedral positions in and around the divacancies are considered. The optimized positions are illustrated in Figs. 6 and 7 for 1NN and 2NN divacancies respectively. Table 6 show the final values. To compute the segregation energy of H atoms on 1NN (2NN), we used the energy of the empty 1NN (2NN) energy as reference. Numbers correspond to the position of the H atoms around the divacancy as reported in Figs. 6 and 7. In the case of 2NN, the 7th configuration relaxes toward the first configuration, where the H atom is between the two vacancies.
The segregation energy is optimal inside the divacancy: configurations 4, 5 and 7 for the 1NN, and 1, 2, 5, 8 and 9 for the 2NN. Essentially, the trapping is similar to that in the case of a single vacancy; except at some remarkable positions where it is greatly enhanced, the segregation energy in 1NN can be as low as À0.41 eV, and between vacancies (configuration 1) for 2NN, À0.487 eV.
These results are in excellent agreement with the thermal desorption data [21] , which indicate three segregation energy ranges, one centered at À0.24 eV, another close to À0.43 eV and a third close to À0.55 eV [22] . Our results suggest that the first value is characteristic of trapping to single vacancies, whereas the second one represents clusters involving more vacancies, as initially proposed by the authors of [21] . Unfortunately, the EAM potential [48] , which works well for the segregation to the single vacancy, cannot capture these new features (DE seg is always close to À0.22 eV). Therefore, it is difficult to use the EAM to track the interesting configurations with more than one vacancy.
V 2 H 2 clusters
We also investigate the segregation of two H atoms in one 1NN divacancy. To simplify our investigation, we consider only the octa- hedral sites described above, i.e., those inside the divacancy. In 1NN, there are 10 octahedral positions distributed in three nonequivalent octahedral sites: 2 are four times degenerated, and 1 is two times degenerated. Placing two H atoms in the octahedral sites yields 45 different configurations. We only considered nonequivalent positions (see multiplicity in Table 7 ); the numbers correspond to the octahedral positions presented in the previous section. Table 7 shows the results. In all configurations, when the HAH distance is large enough (except in configuration 2), the segregation energy is strongly negative. The segregation of two H atoms is a favorable process. As for the monovacancy, H 2 molecules are not stable: when two H atoms are close, the interaction energy becomes repulsive (see the results for configuration ''2''). The most favorable case corresponds to two H atoms in the most favorable configuration observed in the previous section (case 5).
In conclusion, divacancies should be stabilized by H atoms, at least at H concentration.
Conclusion
In this paper, we have presented a comprehensive study of H segregation on the dumbbell, the single and divacancies at T =0 K using the Density Functional Theory.
We showed that, contrary to the previous theoretical works, the dumbbells do not significantly trap H. They should play a negligible role in H desorption experiments.
The study of the H-vacancies interactions showed that the first and second shells of interstitial sites attract H, with a preference for O 1 (DE seg ¼ À0:259 eV) versus T 1 (DE seg ¼ À0.245 eV), which is essential: at finite temperature and away from the dilute limit, only O 1 sites should be occupied because of the strong repulsion between O 1 and T 1 first neighbors. We also observe that up to six hydrogen atoms can be trapped in a vacancy. Contrary to Al, the H 2 molecule is always unstable (even in the divacancy), whatever the H content. It can be explained by the net charge on the H atoms in the cluster. As a result, a further increase of the H content of the vacancy has to be made by occupying O 2 sites where the segregation energy is much lower. The practical consequence is that an effective H diffusion model, in a field of vacancies, should consider the vacancy as 6 traps, but no more. Contrary to EMT, the O 1 AO 1 interaction is weak and the average segregation energy is of the order of À0.26 eV (there is some scatter with values in between À0.33 and À0.2 eV), in excellent agreement with the first peak of TDS (À0.27 eV) [11] .
From our results on divacancies (1NN and 2NN) , we showed that some octahedral positions of the divacancy have a much lower segregation energy, between À0.41 and À0.39 eV, whereas the energies of other sites are similar to those of a single vacancy. These values could correspond to the second TDS peak (À0.43 eV) [11] .
An even larger value was obtained when H is in between two vacancies in 2NN which suggests that cavities provide even deeper traps than divacancies. These results suggest that the trapping energies À0.24 and À0.43 eV extracted from thermal desorption experiments may represent trapping to single and multiple vacancies, as was originally proposed by Besenbacher [21] .
In forthcoming papers, we will present statistical models for the stability and the mobility of VH n clusters, based on what is learned in this study. 
